A bottleneck for the development of public transport vehicles is their electricity supply. Electric buses are almost exclusively equipped with electrochemical batteries, while nearly 40% of the energy is used in the processes of air conditioning. For this reason, we developed and built a demonstration system for storing thermal energy in public transport vehicles. The most important effects are: significant reduction of financial expenses and of the total weight of all batteries with the same amount of stored energy.
INTRODUCTION
Electric vehicles have longer history than petrol driven ones, and at the same time a number of indisputable advantages over their competitors. Despite this, for more than a hundred years it has been difficult for them to move to the top in road transport. The limitation is the energy available on board of the vehicle. For many decades, this problem was practically insoluble. Most lead-acid batteries were too heavy and had too little energy capacity to provide a transfer over a satisfactory distance. Currently, this problem is increasingly overcome. There are different types of rechargeable power source, for example: lithium-ion, lithium-ion polymer, nickel cadmium, alkaline, nickel-metal hydride (Cuma & Koroglu, 2015) and super capacitors. Their use has significantly increased the range of electric vehicles (Thounthonget al., 2009). Despite this, the amount of energy that can be stored on board of an electric vehicle is lower than in combustion engine vehicles.
The problem is visible even more clearly in bus transport. Frequent starts, braking and exchange of passengers at bus stops all increase energy demand. It cannot be solved by simply increasing the capacity of rechargeable electrochemical batteries, because the additional weight reduces the number of passengers to be transported. For this reason, the problem was addressed in an unconventional way. It was taken into account that in the process of air conditioning the output energy is thermal energy. Therefore, the possibility of accumulating heat in the form of cooled or heated medium was considered (Oró et al., 2012) .
These questions are addressed in this paper. It presents a description of the construction and operation of the air-conditioning system with storage tanks of cool/heat, the idea which was reported in a patent claim (Zielinski et al., 2016) . It includes the discussion of the materials and components used in the construction of an experimental station located in the Laboratory for the Conversion and Utilisation of Energy from Renewable Sources at the Lublin University of Technology. Of particular importance are the results of tests carried out to determine the basic parameters of the system under study and the potential applications of the corresponding solutions in electric buses.
THE IDEA OF THE EXPERIMENTAL DEMONSTRATOR
The most common way to accumulate cold is the use of temperature changes in the heat-accu- (Oró et al., 2012) . Salt hydrates have a high value of latent melting heat per volume unit, a relatively high thermal conductivity and small changes in volume during melting. Therefore, these substances are also well suited for the storage of thermal energy (Sharma et al., 2007) .
COLD STORAGE-SUPPORTED AIR CONDITIONING
The common technical solutions typically use water as the substance storing thermal energy. However, the use of water in systems accumulating latent heat, presents technical problems connected with the increase of its volume during freezing. Such a phenomenon results in high stresses in the construction of heat accumulators. Therefore, the water-filled containers have a special structure which makes allowances for changes of the energy-accumulating medium. Interesting indications in this area can be found in (Donnelly et al. 2012 ), (Oró et al. 2012) or (Zielinski et al. 2016 ).
In the developed prototype storage design the substance storing thermal energy is water. In order to cool it, a significantly modified air conditioning system was used, which is a prototype research demonstrator design. The standard vehicle air conditioning system is composed of elements such as compressor, condenser, drying filter, evaporator and expansion valve. All these elements form a closed circuit of refrigerant and oil. In the basic cycle electrical energy is converted into thermal energy from the cooled medium. Thermodynamic transformations occur in a continuous manner, and the heat is not stored anywhere. In order to expand the possibilities of using such devices, a new system with a cold storage tank has been proposed (Zielinski et al., 2016) . Its block diagram is composed of two circuits ( Fig. 3 ):
• Hydraulic circuit, equipped with a circulating pump, control valves, cold accumulator, heat accumulator and exchanger. In the start-up system, this structure was filled with a water glycol solution with a very low freezing point of up to -35 °C.
• Cooling circuit equipped with electronic expansion valves, condenser-evaporator, compressor, heat exchanger and valves changing the direction of refrigerant circulation. This circuit can operate in two modes, a refrigeramulating material called -sensible heat. Another way is to use the energy of phase transformation of the heat-accumulating material. Such a method of heat storage is described as latent heat (Fig. 1 ). This phenomenon can be advantageously used for heat storage in heat-insulated accumulators. The energy absorbed or released during such a process is generally many times greater than the energy required to change the temperature of the substance. For example, freezing of 1 m 3 of water at 0 °C should provide approximately 93 kWh of thermal energy (Khan et al., 2016). This amount of energy is accumulated as latent heat. However, in order to store the same energy in 1 m 3 of water, its temperature should be changed almost by 80 °C (Fig. 2) .
Various An important role in the operation of the system is fulfilled by carefully selected control valves and a control algorithm. A detailed description of the construction can be found in the patent claim (Zielinski et al., 2016) . For example, valves are used in the refrigeration circuit, changing the direction of the refrigerant circuit. This solution enabled the delivery of thermal energy from the heat accumulator to the interior of the bus. This energy can also be removed from the passenger compartment of the bus and transferred to the cold accumulator.
This device is powered by electricity, which can be drawn from the network at bus stops. However, the possibility of using the braking energy is of particular interest.
The system is designed in such a way so as to be able to receive a large amount of energy supplied e.g. during regenerative braking in a short time. As previously mentioned, the storage of heating or cooling energy is done in a system with a thermally insulated tank installed as part of the bus. The tank comprises cylindrical containers filled with water or an aqueous solution having a high capability of energy accumulation. These containers are made of a material providing mechanical strength and being a good heat flow moderator. They are immersed in waterglycol, whose task is to receive or deliver heat energy from the bus. The advantage of this is that the water containers have an increased effective heat exchange surface. The prototype thermal energy storage tank is shown in Figure 4 .
Due to the dynamic operating requirements, a scroll type compressor was applied, allowing operation with widely variable angular velocity. In contrast to the piston compressors, its advantage is the possibility of operation with variable revolution speed of the spiral while keeping full lubrication. Such a solution can significantly reduce the energy consumption of the entire system in a city bus by maintaining the most favourable pressure parameters affecting the efficiency of the work (Aprea et al., 2006). Thanks to this the input power is reduced to the energy consumed by the compressor.
Important elements of the system are electronic control valves. They enable smooth and dynamic expansion pressure control in full range. Due to these properties, this type of valves allows to precisely regulate the temperature of the refrigerant circuit. Such operational comfort is not provided by cheap mechanical valves which open much more slowly and do not guarantee highprecision control. The quality of the work of the expansion valves applied is confirmed by their operating characteristics (Figure 5a ).
The narrow hysteresis loop shown on the characteristics of Figure 5 promotes the uniqueness of the valve opening relative to the driving value. 
TEST RESULTS
In order to determine the accumulation possibility of the cold storage, and to explore the dynamics of the charging process, two cases were considered. In the first case, the applied frequency of the compressor drive system was 30 Hz, which corresponds to the speed of the compressor motor of 885 rpm. Then the second case was examined, when the drive of the compressor was running at the rated capacity which corresponds to a frequency of 50 Hz and the engine speed of 1,475 rpm. Moreover, studies have to clarify whether the accumulation of energy in the form of latent heat is competitive relative to electrochemical energy sources, and whether fast loading of cartridges is possible. For both considered cases, the constant condensing temperature was set at 33 °C. The electronic control system of the expansion valve worked at the highest efficiency and maintained the temperature of the refrigerant vapours superheating at 10 °C. During the 140-minute test, 6.28 kWh was accumulated for the reduced cooling capacity and 12.16 kWh for the full capacity of the system. In order to determine the amount of energy accumulated, a heat meter was used measuring the flow and temperature difference between the input and output of the cold tank tested. The quantity of energy stored was determined by the equation (1): In the system under study heat is not measured directly, but calculated by the counting (integrating) circuit as the sum of the products of the momentary measurements of the difference in supply and return temperature of the heating medium and its mass flow. On the basis of measurements of the flow of glycol, lower increases of the accumulated energy in the final working periods of the chiller were noted. This is associated with a reduction in the flow of fluid in the hydraulic system (Fig. 6b) . The reason for the reduction in the accumulation capacity is a significant increase in the kinematic viscosity of the aqueous solution of glycol, which changed 28 times to lower the temperature from +6 °C to -4 °C.
By performing simultaneous analysis of energy efficiency ratio EER during cooling process (Fig. 7a) and the temperature of the media inside the plate heat exchanger, the icing in the final testing phase, surface active plate heat exchanger, which resulted in a rapid loss of the system's ability to exchange energy, can be detected. The lower operating range of the aqueous solution of glycol used in this case is -35 °C, and the evaporation temperature of the medium in the final phase of the test was -44.3 ˚C.
The performance graph in Figure 7a , enables to distinguish three states of the system operation:
• Operation with peak performance, which in the case under examination was 2.43 EER (removing heat in sensible form from the storage tank), • Operation with constant cooling capacitythe system is stable; this is due to the constant temperature of reception, which takes place during the phase transition (removing heat in latent form from the storage), • Operation in an unacceptable area -the efficiency factor is less than a unity (a state of deep freezing of the storage, or icing of the plate heat exchanger).
While analysing the characteristics of the temperature at the input and output of Figures 8a and 8b, no area was observed where the temperature was periodically constant, which could point to a full heat balance of the system. Lack of temperature stability causes a strong dependence of the flow of water glycol solution as a function of the temperature of the plate heat exchanger, and the cooling tank charge. The increase in the temperature of the hydraulic fluid, which took place in the final testing phase is noteworthy. This phe- nomenon is caused as a result of two consecutive events. Analysing the final phase of the tank cooling cycle a declining ability of heat dissipation by the tank charges can be observed. This is quite natural, just as in the final stages of electrochemical battery charging. The difference between the source and the receiver temperature (potential) is reducing, which results in the lowering of the ability to receive energy. In the case of refrigeration systems, power can be continuously recovered from the hydraulic circuit, resulting in a rapid lowering of the temperature of the medium such as an aqueous solution of glycol and a reduction in the evaporation temperature of the refrigerant. The result is the icing of the heat exchange surface and introduction into the system of additional thermal resistance. In the event of such a situation, the system almost immediately lowers the efficiency ratio EER to a value less than a unity. In addition, the medium in the hydraulic circuit stops receiving the cold due to the aforementioned additional thermal resistance, which in turn results in an increase in the temperature of the hydraulic medium, which has ceased to be cooled down.
QUICK ANALYSIS OF INVESTMENT AND OPERATING COSTS
The rationale for the investment is as a rule determined by economic factors and safety considerations. This section compares the costs of buying an electrochemical battery with the costs of manufacturing the storage thermal tank collaborating with the distribution on-board thermal energy system. The calculation is that the energy demand of an electrical bus for thermal power between consecutive recharges is about 13.34kWh. The cold storage is therefore designed for this order of magnitude. According to the prices of 2016 in Poland, the cost of manufacturing a prototype system to store thermal energy with a capacity of 14kWh amounted to approximately €1,600. The stated amount covers only a cold storage tanks, and the cost does not include auxiliary equipment, such as the accumulator charging system. If serial production of such an arrangement of cold storage were to be started, the price of such a system would certainly be even lower.
Assuming that the average cooling efficiency of the air conditioning system for the urban cycle bus ride is EER = 1.5, to produce in an electric While analysing the cost of electrochemical batteries, one should consider meeting the guarantee requirements, which in the case of an electric vehicle is at least 10 years. This forces the use of correction factors, which limit the operating range of cells to 50% of their nominal power. The calculation of the required operational capacity of lithium-ion cells included losses of energy conversion determined by the relation (2):
where: Q B -operational capacity of the battery Q N -rated capacity of the battery pack C B -correction factor taking into account battery life η DC/DC -efficiency of DC/DC boost converter η DC/AC -efficiency of board inverter Assuming that the nominal efficiency of the inverter of an air conditioner drive is 0.92 and the efficiency of the converter boosting the voltage of a lithium-ion battery reaches 0.94, one can calculate that the required operational capacity of the battery pack should be 20.58 kWh. Such a pack of lithium-ion batteries has a mass of 354 kg, while the cost of such a solution is estimated at €14430.
The above-mentioned analysis shows that the cost of a cold storage tank is only 11% of the cost of electrochemical batteries. The reservoir designed is therefore many times cheaper than electrochemical batteries, at approximately the same weight.
In addition, it is worth pointing out the time of operation. For comparable lithium-ion batteries it is 10 years, while maintaining the discharge up to 50%. It follows that, in the long term, investment expenses on electrochemical accumulators increase significantly compared to thermal ones, because the life of the latter is estimated at about 30 years.
CONCLUSIONS
On the basis of the tests performed, it can be seen that the efficiency impact of the tested system for the storage of thermal energy depends largely on the capability to transfer energy in the hydraulic system. Hence, it is very important that the flow resistance be as low as possible. On the other hand, the glycol flow speed at the test stand has been significantly reduced through the installation of a large number of measuring devices, whereby the average EER does not exceed 1.5. In order to improve future operating parameters it is recommended that control of the flow speed of glycol be held in a feedback control system.
Very promising results have been achieved in terms of the parameters of the collection of thermal energy in the city bus. The solution in the form of a thermal storage tank is an interesting alternative to electrochemical cells and may contribute to reducing the cost of transport. Future research will be conducted on increasing the ERR efficiency coefficient of the prototype system and the replacement of the medium of an aqueous solution of glycol with a substance with a comparable specific heat and a low freezing point, which also maintains a low coefficient of kinetic viscosity.
